Introduction
Originally described in the 1950s, epizootic bovine abortion (EBA) is the most common cause of abortion among beef cattle in California based on submissions to the California Animal Health and Food Safety Laboratory (Anderson et al., 2006; Howarth et al., 1956 ). The disease is observed in pregnant naïve heifers and cows that are introduced onto grazing areas that harbor the soft tick Ornithodoros coriaceus (common name; Pajaroello tick). Regionally limited to California, Nevada and Oregon Teglas et al., 2006; Stott et al., 2014) , this disease has long been an enigma; diagnosis was historically based upon unique clinical presentation (Howarth et al., 1956) , pathognomonic fetal pathology (Anderson et al., 2006; Kennedy et al., 1960 Kennedy et al., , 1983 , elevated levels of immunoglobulin Sawyer et al., 1973) and inability to identify a cultivable agent using standard culturing techniques Stott et al., 2002) .
Scientific advances in understanding the etiology of EBA have come piecemeal from a historical perspective, including identification of the tick vector in 1976 (Schmidtmann et al., 1976) , development of a reliable challenge model using cryopreserved infected fetal necropsy tissue and demonstration of antibiotic sensitivity in 2002 , identification of the etiologic agent as being in the Delta subclass of Proteobacteria (d-proteobacteria) in 2005 (King et al., 2005) and in vivo cultivation in mice with severe combined immunodeficiency (SCID mice) in 2010 (Blanchard et al., 2010) . The 16S ribosomal RNA (rRNA) gene of the bacterium, identified using suppression hybridization PCR, established the pathogen as being a myxobacteria. Myxobacteria are gram negative rods typically inhabiting soil. Many produce a polysaccharide "slime" layer to aid in their motility and are referred to as gliding bacteria. Members of this order are often characterized as having complex social life cycles that can include formation of vegetative cells, fruiting bodies and myxospores. Sorangium cellulosum, the closest known relative to the bacterial agent causing EBA as established by 16S rRNA gene sequences, carries the largest genome (S. cellulosum So ce56) of any known bacteria (13.03 Mb) (Schneiker et al., 2007) . The 16S rRNA gene sequences also established a distant relationship between the etiologic agent of EBA and Lawsonia intracellularis (McOrist et al., 1995) , a bacterial pathogen associated with enteritis in pigs and a variety of other species. Lawsonia intracellularis, also a d-proteobacteria, resides in the family Desulfovibrionaceae and can be visualized using a modified Steiner's silver stain. Application of this staining technique to fetal bovine necropsy tissues resulted in the first visualization of the bacteria causing EBA (Anderson et al., 2006) . Anderson et al. also described the successful development of an immunohistochemistry (IHC) assay for visual identification of the bacteria, now a standard diagnostic tool for confirmation of EBA. The etiologic agent of EBA, named here as Pajaroellobacter abortibovis, was localized in the cytoplasm of cells morphologically described as histiocytes (Anderson et al., 2006) suggesting that it, like L. intracellularis, is an intracellular pathogen. No additional characterization of this unique bacteria is available in the literature.
The current study employed classical light and electron microscopy techniques to expand upon its morphologic characterization and flow cytometric analysis to further explore the intracellular nature of this pathogen. Molecular techniques were used to improve identification and classification by expanding upon the previously published 16S rRNA phylogenic analysis (King et al., 2005) and attempting to add to the genetic knowledge by designing degenerate primers to amplify the 23S rRNA gene as well as genes from 10 universally conserved bacterial protein-coding regions (Santos and Ochman, 2004) .
Materials and methods
2.1. Animals and sample collection 2.1.1. Cattle
Bovine tissues used for Gram stain and electron microscopy were obtained from experimentally infected bovine fetuses following challenge of the dam at 90-110 days gestation as previously described . Fetal bovine tissues for phylogenetic analysis were obtained from one of three sources: (i) experimental infection as described above, (ii) diagnostic submissions from natural infections or (iii) uninfected controls, in which the origin of the challenge inoculum was passaged tissue from a dam inoculated with sterile Dulbecco's phosphate buffered saline (PBS). Uninfected controls and experimentally infected cattle were maintained on irrigated pasture at the Main Station Field Laboratory, University of Nevada, Reno (UNR-MSFL), believed to be free from natural exposure to the tick vector. All cattle research was conducted in compliance with the U.S. Federal Animal Welfare Act and the Health Research Extension Act and under approval by the UNR Institutional Animal Care and Use Committee.
Mice
Murine tissues used for Gram stain, electron microscopy, flow cytometric and phylogenetic analysis were obtained from immunodeficient mice infected with P. abortibovis at 4-6 weeks of age as previously described (Blanchard et al., 2010) . Tissues used for Gram stain, electron microscopy and flow cytometry were all harvested from SCID mice on a BALB/c background (BALB/c-scid)) inoculated with either infected bovine or murine tissues. Infected mice were monitored by body condition scores (BCS) (UllmanCullere and Foltz, 1999) and weight loss and were euthanized as they approached a BCS of 2. Uninfected controls were inoculated with sterile PBS and euthanized at a similar timeframe as infected counterparts. Murine tissues used for phylogenetic analysis were harvested from one of the following: (i) SCID mice on either a BALB/c or C3H (C3H-scid) background inoculated with infected bovine tissue (ii) a mouse with the Rag1 tm1Mom mutation on a BALB/c background (BALB/c-Rag1) inoculated with infected murine tissues or (iii) a BALB/c-Rag1 mouse inoculated with sterile PBS. Mice were housed at the University of California, Davis (UCD) and studies were conducted in compliance with the U.S. Federal Animal Welfare Act and the Health Research Extension Act and overseen by the UCD Institutional Animal Care and Use Committee following approved protocols.
Gram staining
A variety of Gram staining procedures were utilized in order to further characterize this bacterial agent on both tissue impression smears and histological sections of infected bovine and murine necropsy tissues as follows: (i) use of varying concentrations of neutral red & carbol fushsin in association with alternative counter stains (Duguid, 1996) , (ii) employing McDonald's Gram stain (Sheehan and Hrapchak, 1980) and (iii) employing Sandiford's modification of the Gram stain (Baker and Breach, 1980 ). Steiner's silver stain (Kiernan, 1999; Murray et al., 1994) and immunohistochemical staining (Anderson et al., 2006) were used to confirm the presence of bacteria in a given preparation.
Electron microscopy
Formalin-fixed infected necropsy tissues (murine reproductive tract and spleen and bovine thymus) were trimmed and placed into modified (50% strength) Karnovsky's fixative followed by immersion in Karnovsky's fixative, postfixation in 1% osmium tetroxide, rinsed in 0.1 M sodium cacodylate, dehydrated through a graded ethanol series, transitioned through propylene oxide, and infiltrated and embedded in Eponate-12 epoxy formulation (Eponate-12; Ted Pella Inc., Redding, CA). Thick sections were cut, mounted on glass slides, stained with toluidine blue O and examined by light microscopy. Thin sections were mounted on 300-mesh copper grids and stained in 4% uranyl acetate in 75% ethanol, followed by post staining in lead citrate. Grids were examined with a Zeiss 906E transmission electron microscope at 100 kv accelerating voltage (Carl Zeiss SMT, Peabody, MA).
Flow cytometry
Spleens were recovered from control and terminally ill infected mice and weighed. Six single cell suspensions from P. abortibovisinfected BALB/c-scid mice were prepared at different times; between 1 and 5 spleens were used in each preparation. Spleens from four immune-competent BALB/c mice were used to create an uninfected control in lieu of spleens from uninfected SCID mice which contain few white blood cells. Spleen tissue was gently pressed through 100-mm Falcon nylon mesh cell strainers (Corning Inc., Corning, NY). An aliquot was diluted in 4% acetic acid solution and counted. The remainder were washed once in PBS and pelleted at 300g at 15 C. Supernatant was removed and the pellet resuspended in cryopreservation media containing 80% fetal calf serum, 10% RPMI media and 10% dimethyl sulfoxide. Multiple aliquots were rate frozen at À80 C in Mr. Frosty cryo freezing containers (Thermo Scientific Nalgene, Waltham, MA) per manufacturer's instructions. Vials were transferred to liquid nitrogen within 48 h and stored until use. The presence or absence of P. abortibovis infection was confirmed for all preparations using indirect fluorescent antibody test (IFAT) as previously described (Blanchard et al., 2010) .
Murine splenocyte preparations were thawed and washed once in PBS. External staining was conducted as follows: 2.0 Â 10 6 cells were incubated on ice for 20 min with rat anti-mouse CD45 PerCPCy5.5 (anti-Ms CD45 PerCP-Cy5.5; BD BioScience, San Jose, CA) to identify leukocytes. Immunoglobulin, purified from serum collected from infected bovine fetuses as previously described (Blanchard et al., 2010) was conjugated with Alexa Fluor 647 (anti-P.a. AF 647) per manufacturer's instructions (Molecular probes, Eugene, OR). This antibody was added either along with anti-Ms CD45 PerCPCy5.5 as an external label followed by permeabilization and fixation or anti-P.a. AF 647 was added after cell permeabilization and fixation to detect intracellular antigens (Intrastain kit, Dako, Glostrup, Denmark). Control antibodies included rat IgG PerCPCy5.5 (Santa Cruz Biotechnology, Dallas, TX) and bovine anti-goat IgG (H&L) AF647 (Jackson ImmunoResearch, West Grove, PA). All cell preparations were labeled and analyzed on two different occasions. A minimum of 40,000 events were interrogated using a FACSCalibur with CellQuest software (version 6.0, BD Bioscience, San Jose, CA). Analysis was conducted using a leukocyte gate (i.e. CD45+ cells) with WinList 6.0 software (Verity Software House, Topsham, ME).
Phylogenetic analysis
Previously described degenerate primers (Santos and Ochman, 2004) were employed for amplification of the following proteincoding genes: fusA, gyrB, ileS, lepA, leuS, pyrG, recA, recG, rplB and rpoB. Additional degenerate primers were designed for the above listed genes, as well as the 23S rRNA gene, using conserved sites identified by alignment of d-proteobacteria including S. cellulosum, Anaeromyxobacter dehalogenans, Myxococcus xanthus and Haliangium ochraceum using GeneiousPro software 5.1.6. Primers were tested using an annealing temperature gradient with template DNA derived from infected necropsy tissues with high bacterial loads. Products were electrophoresed on a 1.5% agarose gel and bands corresponding to the correct size were isolated, purified and sequenced. Gene-specific primers were then designed and used to optimize PCR for sequences confirmed to be of d-proteobacterial origin.
All PCRs were conducted using GoTaq Green PCR Buffer (Promega) with 400 nmole of each primer, in a 25 ml total volume.
The 23S rRNA PCR protocol is as follows: 95 C for 2 min, followed by 40 cycles of 95 C for 30 s, 59 C for 40 s with a 72 C extension for 40 s. Final extension occurred at 72 C for 7 min. FusA and pyrG PCR protocols were the same with the exception of a 58 C annealing temperature and a 72 C elongation. Alignment of a partial sequence of the 16S rRNA gene (AF503916, King et al., 2005) was performed using the Ribosomal Database Project release 10 (Maidak et al., 1994) . Phylogenetic construction used a maximum likelihood (ML) algorithm with a rapid bootstrap method as implemented in RAxML 7.2.8 and accessed through CIPRES (Stamatakis et al., 2008) .
MAFFT alignment using Geneious Pro Software was used for the 23S rRNA partial gene sequence (JQ173113). MAFFT alignment with a BLOSUM62 Matrix was used for the fusA (JQ173112) and pyrG (JQ173111) partial gene sequence alignments using translation by Genius Pro Software. The phylogenetic analysis for the 23S rRNA gene was constructed using a Jukes-Cantor UPGMA algorithm with 1000 bootstraps, while a Jukes-Cantor Neighbor joining algorithm was used for amino acid (aa) sequences deduced from partial gene sequences of fusA and pyrG.
Statistical analysis
The Wilcoxon signed-rank test was used to analyze the difference between external and internal labeling of P. abortibovis in murine splenocytes (Social Science Statistics on-line calculator at www.socscistatistics.com).
Results

Gram staining
Organisms could be clearly identified using Steiner's silver stain and immunohistochemical staining (Fig. 1A and B) . Bacteria were identifiable as gram negative when McDonald's Gram Stain and Sandiford's modified Gram stains were employed, but both stained poorly ( Fig. 1C and D) . Organisms were not identified using other modifications of Gram staining techniques.
Electron microscopy
Electron microscopy of the bacteria was performed in situ on infected murine uterine horn tissue and fetal bovine tissue. Photomicrographs of captured images of rod-shaped bacteria measuring approximately 1.55 mm in length and 0.46 mm in width in tissues harvested from a P. abortibovis-infected bovine fetus; this organism appeared to be undergoing division ( Fig. 2A) . A rod of similar shape and morphologic structure measuring 1.78 Â 0.47 mm was visualized in tissue harvested from an infected BALB/c-scid mouse (Fig. 2B) . Evaluation of bacteria revealed cell envelope structure consistent with gram negative organisms, including an inner and outer cell membrane separated by a visible periplasmic space (Fig. 2) .
Flow cytometry
Recovered spleens from infected mice ranged in weight from 0.49 to 0.84 g (0.67 g AE 0.11; n = 12;) while spleens from immunecompetent mice weighed from 0.02 to 0.15 g (0.09 AE 0.05; n = 4). (Fig. 3A & G) . Pajaroellobacter abortibovis antigens were detected both internally and on the surface of a small percentage of CD45 + cells (Fig. 3 , Table 1 ). The percentage of P. abortibovis-infected cells (i.e. internal labels) ranged from 2.2 to 4.0% and was significantly higher than those labeled externally (p < 0.05, Table 1 ). Background staining of <0.06% positive events was identified in the uninfected control cell preparation using anti-P.a. AF647 when labeled externally and <0.02% when probed internally. Irrelevant antibody (IR Ab) applied to infected cell preparations produced <0.6% background events in externally-labeled and <0.1% when labeled internally (data not shown). External and internal staining of uninfected control cells using the IR Ab resulted in 9.0% and 0.95% background staining, respectively.
Gene amplification and phylogenetic analysis
Degenerative primers designed for the 23S rRNA gene successfully amplified a product of appropriate size (Table 2) . None of the 10 primer sets described by Santos and Ochman (2004) amplified product of predicted size. Redesigned primers based upon d-proteobacteria sequences successfully amplified products of appropriate length for fusA and pyrG but failed to amply product in the remaining 8 protein-coding genes (Table 2) .
Primers designed to amplify 587 bp of the P. abortibovis 23S rRNA gene (Table 3 ) generated product of appropriate size in both bovine (n = 4) and murine (n = 3) infected tissues. No product was detected when primers were applied to uninfected bovine (n = 2) or murine (n = 1) tissues. The P. abortibovis 23S rRNA gene was sequenced from each of four bovine field isolates and a single third-passage SCID mouse isolate, with all sequences being identical. Gene-specific primers were designed to amplify 1236 bp of P. abortibovis pyrG and 1195 bp of P. abortibovis fusA (Table 3) . FusA and pyrG primers amplified product of appropriate size in both bovine (n = 6) and murine (n = 4) infected tissues but failed to amplify product in 2 bovine and 2 murine uninfected control tissues. Genes were sequenced using two bovine field isolates and one third-passage murine isolate, with all sequences being identical.
Pajaroellobacter abortibovis remains as a member of the order Myxococcales and family Polyangiaceae in the revised 16S rRNA phylogenetic analysis. Adding additional Myxococcales sequences generated a node separate from that containing S. cellulosum and clustered P. abortibovis with three unnamed and uncultured environmental bacteria in 100% of bootstrap replications (Fig. 4A) . The node containing Sorangium cellulosum included 5 other genera of bacteria within the family Polyangiaceae. The phylogenetic tree, created from the aa sequence deduced from fusA partial gene sequence, placed P. abortibovis in an inner node with Myxococcus stipitatus and M. xanthus and in an outer node that included S. cellulosum (Fig. 4D) ; both the 23S rRNA gene sequence and the aa sequence deduced from pyrG partial gene sequence clustered solely with S. cellulosum ( Fig. 4B and C, respectively) .
Discussion
The causative agent of epizootic bovine abortion proved elusive for over fifty years until a novel Deltaproteobacteria was identified as the etiologic agent in 2005. Prior to that time, numerous attempts to visualize the bacteria using classic staining techniques, including Gram stain, were unsuccessful Stott et al., 2002) . The current inability to cultivate P. abortibovis using in vitro techniques, and its resistance to purification from necropsy tissues, has interfered with traditional morphological and biochemical-based methods of bacterial characterization. Characterization has been limited to visualization by Steiner Stain, immunohistochemistry and immunofluorescence and genetic information limited to a single gene sequence (i.e. 16S rRNA). The intracellular nature of the bacteria in mammalian necropsy tissues, and its genetic association with myxobacteria (i.e. "slime bacteria"), might both be contributing to purification woes.
Morphologic characterization of P. abortibovis was approached through application of Gram staining techniques and electron microscopy. While bacteria could easily be identified using sliver stains and immunohistology (Fig. 1A and B) , they resist identification using most Gram stain methodologies. Bacteria were poorly visualized as pink rods using both McDonald's Gram Stain and Sandiford's modification of the Gram stain (Fig. 1C and D) , suggesting the bacteria are gram negative or perhaps more precisely described as gram indeterminate. Transmission electron microscopy (TEM) is a useful diagnostic tool to evaluate microbial structure. Previously published studies describe gram negative bacteria as having an inner (cytoplasmic) membrane, a periplasmic Fig. 3 . Flow cytometric profiles are depicted and represent cryopreserved splenocyte preparations derived from either an uninfected BALB/c immuocompetent control pool (A-F) or Pajaroellobacter abortibovis-infected BALB/c-scid preparation (G-L). Forward-and side-scatter plots indicate relative cell size and complexity for both preparations (A and G). Samples were gated based upon CD45 + expression (B and H). Events labeled with anti-P. abortibovis antibody are depicted for external (D and J) and internal labels (F and L), and binding of irrelevant antibody is shown for external (C and I) and internal labels (E and K) in uninfected and infected cell populations, respectively.
Table 1
Detection of Pajaroellobacter abortibovis antigens in CD45 + splenocytes derived from infected BALB/c-scid mice. Cells were probed with anti-P. abortibovis Alexa Fluor 647 prior to and following cell permeabilization and fixation (i.e. external and internal labeling, respectively). Samples were probed and analyzed on two separate occasions; results from both analyses are shown. A Wilcoxon signed-rank test confirmed that the difference between the two groups was significant (p < 0.05). space containing a thin peptidoglycan layer and an outer membrane (Matias et al., 2003; Silhavy et al., 2010) in contrast to gram positive bacteria having a visible cell membrane with a homogeneous peptidoglycan outer layer of up to 50 nm (Glauert and Thornley, 1969; Matias and Beveridge, 2005; Silhavy et al., 2010) . Electron microscopic evaluation of P. abortibovis established an approximate size of 1.7 Â 0.46 mm and revealed a cell envelope structure consistent with a gram negative bacteria (Fig. 2) . Studies described here were conducted to solidify the intracellular presence of the bacteria. Spleens from apparently healthy BALB/c-scid mice have been reported to weigh <0.06 g (Irie et al., 2002) and, by nature of the scid mutation, are devoid of lymphocytes. In contrast, spleens from P. abortibovis-infected BALB/c-scid mice become greatly enlarged (Table 1 ) and contain 4.2 Â 10 8 cells on average; over twice as many as a healthy immunocompetent mouse. Flow cytometric analysis focused on detection of bacterial antigens within CD45+ murine splenocytes (Fig. 3) . Forward-and side-scatter characteristics of these leukocytes are consistent with histiocytes and the dramatic enlargement of the spleen may be due to an influx of these cells in response to the infection. Internal labeling detected up to a 2.9-fold increase in the number of P. abortibovis + events as compared to external labeling (Table 1 , p < 0.05) thus indicating that at least a portion of the positive events are due to intracellular bacteria. The percentage of events labeled by external staining techniques typically exhibited greater run-to-run variability than internally labeled events, which is consistent with the anticipated transient nature of the antigens and/or intact bacteria adhering to the cell surface (Table 1) . Flow cytometric analysis does not allow for distinction between detection of whole organism and protein fragments nor can it determine if these cells have engulfed the bacteria as a mode of bacterial clearance or if they serve as hosts. Microscopic evaluations in stained tissue sections have routinely identified apparently intact organisms in the cytoplasm of histiocytes ( Fig. 1 ; Anderson et al., 2006) , suggesting the latter. Investigations are underway to better define cellular tropism of this unique bacteria. A concerted effort was made to expand genetic information available for P. abortibovis. Initial approaches included the implementation of shotgun cloning and commercial generation of expression libraries that were screened using immune serum from infected term fetuses (unpublished data). Despite rigorous attempts to purify the bacteria for the analyses, both approaches failed, apparently due to an overabundance of contaminating host elements. An alternate approach to identify additional genomic sequences was directed at 10 highly conserved protein-coding gene sequences previously described by Santos and Ochman (2004) . These authors suggested that 16S rRNA sequences suffer from several shortcomings when applied to phylogenic analysis and proposed these protein-coding gene sequences would serve as a more relevant method of taxonomic classification. Santos and Ochman's (2004) primer sequences were tested against 11 bacteria representing 8 classes, though no d-proteobacteria representatives were included; all proposed sequences amplified at least 5 of the representatives, with one (gyrB) primer set being capable of amplifying genes in all but 1 bacteria tested. These same primer genes; fusA and pyrG. Partial sequences were established for each of these genes (GenBank accessions: JQ173112 and JQ173111, respectively). The limited success prompted researchers to create degenerative primers to amplify the highly conserved 23S rRNA gene which ultimately resulted in a partial sequence (JQ173113), thereby increasing the available genetic information for P. abortibovis to four genes. Despite the success in generating gene sequences for 23S rRNA, fusA and pyrG, the 16S rRNA gene is among the first bacterial gene sequenced and therefore provides the largest pool of available phylogenetic information. A phylogenetic tree for the 16S rRNA sequence (King et al., 2005 ) was redeveloped to include additional Myxococcales sequences subsequently available in NCBI's database and supplemented phylogenic analysis of 23S rRNA, fusA and pyrG sequences. The results of these four trees are illustrated as a collage of partial trees in Fig. 4 . All data continues to place P. abortibovis within the family Polyangiaceae. The 16S rRNA, 23S rRNA and pyrG trees also continue to place S. cellulosum as being its nearest welldescribed relative. However, based upon available 16S rRNA gene sequences, P. abortibovis is sufficiently unique to provide strong bootstrap support to place it in a novel clade with unnamed, uncultured environmental bacteria. In addition, while S. cellulosum fusA remains closely related, P. abortibovis fusA is placed in a clade with two Myxococcus species. The results from the 16S rRNA and fusA phylogenic analyses in addition to the failure to amplify 8 highly-conserved genes using d-proteobacteria-based degenerate primers indicated that this bacterium warrants a separate genus. The genus name Pajaroellobacter gives recognition to its vector, the Fig. 4 . Consensus phylogenetic analysis, based upon four Pajaroellobacter abortibovis gene sequences, were compared to representative genera of the class Deltaproteobacteria. Significant (>70%) bootstrap confidence values for tree nodes are shown. Relationships are inferred from the following sequences: (A) a 1360 bp fragment of the16S rRNA gene sequence (GenBank #AF503916). The tree was constructed using maximum likelihood analysis with a rapid bootstrap method; Lawsonia intracellularis served as the outgroup. (B) a 527 bp fragment of a highly conserved region of the 23S rRNA gene (GenBank #JQ173113) using Jukes-Cantor UPGMA algorithm, (C) amino acid sequence derived from a 1236 bp fragment of the pyrG (GenBank #JQ173111) and (D) amino acid sequence derived from a 1195 bp fragment fusA (GenBank #JQ173112). Both the fusA and pyrG trees were constructed using a Jukes-Cantor Neighbor joining algorithm.
Pajaroello tick, while the species name, abortibovis acknowledges the pathogenic nature of the organism which in itself is a unique distinction in the order Myxococcales.
